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Abstract 

Defense  University  Research  Instrumentation  Program 

AFOsS  Testi.n9  Equipment  in  Support  of  the 

MURI.  Multifunctional  Nanocomposites  for  Air  and  Space  Tribology 


Co-PPs: 


Linda  S  Schadler  Rensselaer  Polytechnic  Institute 
Thierry  Bianchet  Rensselaer  Polytechnic  institute 


TTeirarchjcal  Polymer  Nanocomposites  have  great  potential  for  solving  t 

Xlchallenges  associated  with  vehicles  and  equipment  used  in  space.  The  ability  to  tSbr 
compose  properties  at  several  length  scales  is  leading  to  materials  with  unprecedented  low  weir 
rates  and  coefficients  of  friction  combined  with  environmental  insensitivitv 
properties  a  fundament*.  understanding  of  the 

momhol'  °Ur  CTf  U"ders(andm8  sugSesfs  that  the  nanomechanical  response  andtanoscale 

providethe unique  reSP0"Se  1,16  ™ed  ** 

•  Reach  a  fundamental  understanding  of  the  role  of  the  nanofillers  in 

tailormg  polymer  morphology  and  controlling  local  mechanical  response. ' 

Study  the  mterfacial  interactions  between  nanofillers  and  polymers  and 
their  influence  in  tribology. 

Ensure  the  successful  space-based  operation  of  next  generation 
tribological  materials. 

ZlZitetuT  *  <0  S°me  °f  *e  grand  challenges  Identified  ^  thisMURI 

F,  Jlf  exipmen!  W1i]  f^lflcantly  enhance  the  collaboration  between  the  University  of 
Florida  and  Rensselaer  Polytechnic  Institute.  Rensselaer’s  ability  to  further  contribute  small  Tcale 

n  ological  characterization  and  nanomechanical  understanding  will  strengthen  the  nhirt  c 
both  institutions  to  move  the  project  forward.  ™ei5tanamg  ™11  strengthen  the  abihty  of 
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Research  Proposal 


1.0  Program  Introduction 

creation  of  °[sPace  can  be  best  achieved  by 

carefully  tailored.  composite  coatings  m  which  the  nanoscale  structure  is 

This  includes  ' 
tailoring  of  the 
nanoscaie  building 
block  surface  and 
interface, 

organization  of  the 
fillers  at  the 
submicron  and 
micron  scale,  and 
grading  of  materials 
at  the  submillimeter 
and  millimeter  scale 
(Figure  1). 

Members  of  this 
team  are  currently 
engaged  in  this 
research  and  have 
created  polymer 
nanocomposites 
with  near  1  million 
fold  reductions  in 
wear  rate, 

nanocomposites  that  ,  _ 

“chameleon”  coatings 

environment.  This  work  is  being  conducted  bv  1 ,1 r  i  env,r0I™en‘  «  activated  by  that 
materials  scientists  with  extensive  background  and  °  eirasfs’  Physicists,  tribologists,  and 
testing,  and  simulation  of  cl™ization, 

research  team  and  maximize  the  benefit  to  the  DOD  in* Tr®?  **  caPabi,ities  of  this 
further  nanomechanical  testing  of  these  materials  Th7?  ^  IS  reqUested  here  to  allow 
needed  to  assess  the  materials  on  the  actual  ’  leriS, ted^frumentati°n  is  critically 

influence  betWee"  and  PoI^s  and  their 

'  SSS2*  SUCCeSSfili  °Perati0n  °f  next  §eneration  tribological 
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responsible  for  the 

create  a  wide  variety  of  new  multifunctional  f  *7  matena,s-  In  turn,  we  expect  to 

optimized  for  important  DoD  space  applications  In  T*"™  *  and  architectures  with  properties 
students  will  receive  training  and  experience  T ?  ^  *he  rec»  equipment 

nanocomposite  materials  for  space  tribolo^  applications  S,S’  Characterizafion.  ‘eating  of 

1-1  Research  Grand  Cha.lenges  for  Nanocomposite  Coatings 

?  -  Triboindentor  wi,l 

research  team  within  its  original  MURJ  proposal  and  bv  the  Jh  ^  ^  °rand  ChaIlen8es  by  this 

,7"  T“"  "  ■  2“  * 

5=.-ksis 'dHSS  i™  arises 

While  the  modeling  work  in  the  effort  is  approachi'n^the^ .  j^chamcaI>  and  electrical  response, 
and  observe  sliding,  we  do  not  ye.  know  SSS£  of’Zi°  $**■  in  the  matrix 

asr- to  ^XKsraa  sssk 


b)  Bridging  the  gap  between  nanotribology  and  macrotribology. 

understand  ite  conSSLfemTach  po^ZmeZTw,  “  ^  "  lmp0rtant  that 
achieved  through  local  tribological  characterization nho®ogeneous  Serial.  This  can  only  be 
improvement  over  the  current  fnstniment  afpiorida  l  iden,ified  is  » 

instruments  requires  that  we  engage  two  instruments  Th-np the  throuShPut  on  these 

combined  electrical  and  tribological  characSon  Z  ZV1™1"  WU1  remain  focusad  on 
heterogeneous  composites  and  the  role  of  the  s.ze  SCale  of  the  hT  Instrument  focus  on  the 
correlations.  "e  SIZe  sca,e  of  heterogeneity  on  the  nano  /  macro 

2.0  Experiments  with  Polymer  Nanocomposites 

1'?  ‘he  «  ^.project  relevant 

saaa;  gS  ra 

,C°0  and  ,emperalure  dependence  of  ihe^OF  'liffim'Vr  con,I°'  u*  of  friction 

af  J  aerd  0n  ,he  surface  chemistry  of  the  M^T  T  °n  C°mp,iance  °f  ,he 
infiltrated  the  MWNT  with  polyimide  and  created  ,  °,  2nCrease  comP<iance  we  have 

and  much  longer  lifetimes  than  ^  “en‘  °f 

have  created  MWNT  films  with  metal  coatinvs  The  I  f  -  the  resistiv“y.  we 

-er  coated  MW,T  films  wil,  be  testedtf 
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r  sm Sfr”»“sfT "  !•  t™1  ™a  •*“”“■■ «■*» •«  m  » 

r^rKf  ksss  “=••  ■  >■-”"  “f 

ssskk&e* ~r  p~r ; 


Triboindentor  Capabilities 
for  MWNTsampIes 


?ulon:  to  measure 
•i>rcifft{ia  strength 


M 


Pullout  pi>tai*cc- 
a  indent  distance 


3?T 


Local  ivodulos  and 
hardness  'ncAsuic'r»c*i» 


Nanoscale  DMA 


Tne  Ttibo.nder:or  ivili  provide  capability  lor  Indentation  as  wc«  as 
palled  expe.i.-ncn:s.  Mano&VAwiE  p-ovide  the  opportunity  to 
measure  modulus  she  toss  This  win  greatly  extend  op,  abi-r  - 
drfl'*e:c'>2tf  (he  rumoscalc  budding,  block .-  matrix  interface. 


•:»  'o 


Polymer 
Ti  led  Polymer 
Metal 


The  TnbCHndcnto-  vy.Tl  provide  capab  «ry  a;  Rensselaer  for  scotch  .-mo 

risr'-'u’'"1"  "*»*«** ««»« M»W conposi.es  This  is 

omcul  for  team  development  and  to  prev.de  throughput  for  expert, nents 


A  wear  track  in  diamond  I  ke 
carbon  lilm 


-  ol  Cycles 


igure  2  A  schematic  showing  some  of  the  testing  to  be  completed  on  MWNT  film 
composites  including  pullout  to  measure  interfacial  strength,  nanoscale  DMA  for  modulus 
determination,  and  wear  testing  to  determine  coefficient  of  friction  and  wear  response 
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ISit mm&ss 

Secondly,  polymers  with  good  splfj»r„-,v.;*. 

major  limitation  being  their  poor  we’ar  resisTante  and  th  aPPlicati°ns  with  the 

Polytetofluoroeftylene'lPnTJ)* iraneMehmt  ctmcTcTt  ftction^eflicienf 

rs^LT 

“rr '”  “  ° 25  wk-  *» 

ability  to  <0  be  understood' to  enhance  our 

Polymer  morphology.  It  is  clear  that  c  t,*? 

tribology  of  our  nanofilled  PTFE  It  js  alsotlp8  rtT0?5  ”  Polymer  morphology  affect  the 
nanofillers,  the  PTFE  morphology  is  ftrttr  modT  a  T  a,tering  ,he  chemist  of  he 
only  the  role  of  the  morphology  on  theHh  1  11  15  imPortant  that  we  understand  n! 

s™°;?  '*■*,  "”*v  wr.s  ssr;  “£  *-  °f  ?•  -« “s" 

,  for  a  film  of  nanoparticles  and  be  able  to  mo  , ,mi  ar  to  that  described  above  for 

PTFE  on  Pth‘yf,er  “ion-  In  *is  case,  we  may  create  a  fiW  °iSUface  m°di*ication  on 
■  *T  0n  *he  fi,m-  T^e  PTFE  rod  would  then  „  f  /  film  of  Parttcles  and  place  a  rod  of 
monrtor  this  as  a  function  ofnanopaTc  ^  the  pmkle  ^and  we  t, I 

capability  at  UF  and  the  DSC  and  XRD  cttaMV  ?°a  This  combined  with  the  AFM 
understanding  the  role  ^  **£££ 

Transfer  Film  Properties  Wp  m  t  ^  SY  to  meet  our  needs. 

“D“A>  on,  Mw  »d«.s„.  „„ 

explaining  the  changes  in  behavior  we  Xervelmt  fLlT  *7^  JHm’S  roIe  is  criticaI  to 
necessary  to  understand  their  role  for  these  materials.  ^  ^  Charactenzation  of  these  films  is 

hardness  mapping  and  motXs^maptint^blhw5 tV'50  C,ear'  7,16  Tnboindentar’s 
thedis  ltym  me^hanicaI  Properties  across  the  PTFE  surface  P  TV  ^  ^  ablIlty  t0  monitor  the 

**”  Wp  „  ammi„  fc  d,.p  “S ™  .r 
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Triboindentor  Capabilities 
for  PTFE  samples 


Pu;io!f  :o  moosuie 
inter  tic  i  Ji  strength 


Mocir'ifd 


WiMiM 


V' 


Puliolf  Distance 


Modulus  Mapping 


Coefficient  of  Friction  Mao 


FAILURE  Imago  of  a  Scratch  with 

increasing  load 


csr^sar,"  ™ 

2.1  Instrumentation  Request 
Nanotribometer 

1*  Triboindentor  is  a  high 

of  a  three  plate  capacitive  transducer  w^h^ht  ““ha“Ica)  tests-  The  syto  makes  use 
(noise  floor)  of  100nN  and  can  apply  up  to  Thl'di^f  Stab‘Ilty'  R  haS  3  l0ad  resolution 

0.2nm.  The  stage  controlling  sample  motion  h^n  ^  ^  is 

50mn  resolution  and  z  direction  fravel  of  50mm  whhl  150mm  X  150mm  ran§e  with 

unique  3  transducer  geometry,  In  addi*>”.  trough  a 

course,  necessary,  for  robust  tribological  charactezaln  TU  P  are  ™™tored  which  is,  of 
coupled  to  in  situ  imaging  which  includes  ontief  •  Th' e  n“oaechanicaI  testing  device  is 
probe  imaging  (SPM)  using  the  nanomechanical  tip  aMow^Tdt  ^  Sm”®’  ^  SCaiUling 
lateral  resolutron  of  15nm  ensuring  that  the  measurements  are  made  at  the  aiS^ 

The  following  general  nanomechanical  tests  can  be  performed- 

Nanoindentation  to  measure  local  modulus  and  hardness  Th^  w 

r»«  „  »fc  .  a™,  „JTZU  ' “  * 


i 
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measurements  at  the  same  point  with  increasing  load  (and  thus  depth).  A  special  feedback  loop 
provides  accurate  sensing  of  the  sample  surface  for  soft  materials. 

2  -  Scratch  testing  can  be  used  to  measure  the  scratch  behavior,  the  coefficient  of  friction  and 
the  load  to  remove  a  film  from  a  substrate.  Tests  can  be  run  at  constant  load  or  with  increasing 
load  to  observe  the  changes  in  scratch  mechanism  with  load.  To  characterize  the  scratch  profile 
m  detail,  however,  an  AFM  is  required. 

3  -  Wear  testing  can  be  used  for  static  and  scanning  wear  testing.  Again  the  AFM  is  required  for 
detailed  monitoring  of  the  wear  surface. 


4  -  Nanodynamic  mechanical  analysis  (DMA)  testing.  This  provides  an  opportunity  to  properly 
characterize  the  polymer  materials  used  m  our  nanocomposites  and  will  provide  insight  into  the 
effect  of  sliding  rate  on  the  tribological  behavior.  This  can  also  be  used  essentially  as  a  small 
fatigue  testing  device  to  determine,  for  example,  if  the  MWNT  /  polymer  interface  stands  up  to 
repeated  loads.  Interface  failure  would  be  detected  through  changes  in  the  modulus. 


'Hiese  tests  can  all  be  run  from  -10°C  to  200°C.  While  not  relevant  for  space  environments  it 
gives  us  the  opportunity  to  test  the  behavior  as  the  glass  transition  temperature  of  the  polymer  is 

reached  r  J 


2.2  Details  of  Collaboration  between  the  Rensselaer  Polytechnic  Institute 
University  of  Florida 


and  the 


Rensselaer  Polytechnic  Institute  is  a  member  of  the  presently  funded  MURI  at  the  University  of 
Florida  entitled  “Multifunctional  Materials  for  Air  and  Space  Tribology”.  The  MURI  funding 
has  allowed  the  beginnings  of  a  synergistic  multi-scale  understanding  of  tribological  events 
through  the  close  collaboration  of  engineers  and  surface  chemists.  The  proposed  instrumentation 
will  allow  the  further  development  of  this  collaboration  in  which  knowledge  and  experience  will 
be  translated  between  universities  and  between  research  disciplines.  Such  developments  will 
represent  valuable  opportunities  for  the  training  and  education  of  the  associated  engineering  and 
science  students.  Evidence  of  our  strong  collaboration  can  be  seen  through  our  joint  publications 
that  include  students  from  both  schools.  In  addition  to  the  publications  listed,  we  have  a  joint 
book  chapter  and  paper  in  preparation  that  includes  Blanchet,  Sawyer,  Schadler,  and  Perry  from 
the  MURI.  To  enhance  the  collaboration  students  from  both  institutions  have  spent  time  (a  week 
at  a  time)  at  the  other  institution.  Finally,  the  investigators  meet  face  to  face  at  least  3  times  a 
year  at  either  Rensselaer  or  Florida  and  meet  twice  a  month  by  phone. 


“Tdbologicai  Investigation  of  the  Effects  of  Particle  Size,  Loading  and  Crystallinity  on  Polyethylene) 

W  "  Wl  T  ?a^HS,teS’  Bhimaraj’  David  BwiS’  W'  Greg0J*  Sawyer>  C  Greg°^  Toney,  Richard 

W.  Siegel,  Linda  S.  Schadler,  submitted  to  Wear  (2006).  3 

“Surface  Chemistry  and  Temperature  Dependent  Tunable  Friction  Behavior  of  Oriented  Carbon  Nanotube  Films  ” 
P.L.  D'ckrel!  SX  Pal.,  OR.  Bourne,  C.  Muratore,  A. A.  Voevodin,  L.S.  Schadler,  P.M.  Ajayan,  W.G.  Sawyer 
submitted  to  Tribology  Letters  (2006).  *  y  ’ 

‘‘Measurements  of  Coefficient  of  Friction  on  a  Bed  of  Aligned  Multi-Walled  Carbon  Nanotubes,”  Pamela  L 
vd  / 1?!  5 9-62^(2005)  BaW^er’  Nachiket  R‘  Raravikar’  Lfada  S.  Schadlerand  Pulickel  M.  Ajayan,  Tribo.ogy  Letters, 
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Effect  ^  of  matrix  morphology  on  the  wear  and  friction  behavior  of  alumina 
nanoparticles/poly(ethyiene)terephthaIate  composites,”  Praveen  Bhimaraj,  David  Burris,  Jason  Action  W  Greeoir 
Sawyer,  C.  Gregory  Toney,  Richard  W.  Siegel,  Linda  S.  Schadler,  Wear,  vol.  258  No  9,  p.I437-I443’(2005) 

3.0  Supporting  Information 

This  MURI  team  is  supported  by  an  outstanding  research  infrastructure.  All  of  the  investigators 
have  state-of-the-art  facilities,  which  is  a  recognized  strength  of  the  experimentalist  and  theorist 
involved  in  this  project.  In  the  previous  sections  we  have  outlined  how  this  new  equipment  will 
enhance  the  research,  contribute  to  the  program  thrust  and  grand  challenges,  and  establish  new 
capabilities. 

3.1  Interfacing  Equipment  to  Existing  Facilities 

The  Nanocomposites  Laboratory  at  Rensselar  as  well  as  the  Rensselaer  Nanotechnology  Center 
does  not  have  a  Triboindentor  or  similar  equipment.  However,  we  have  a  scanning  probe  facility 
that  can  house  this  instrument.  We  have  technical  staff  to  support  this  facility,  and  the  proximity 
to  our  microscopy  and  processing  facilities  in  addition  to  the  scanning  probe  instruments,  will 
provide  an  opportunity  for  expanded  characterization  of  tribological  materials.  In  addition,  it 
will  lead  to  other  interactions  between  Schadler,  Blanchet  and  other  investigators  at  RPI.  In 
polling  faculty,  we  have  already  seen  significant  interest  from  5  other  large  research  groups.  The 
instrument  will  further  assist  in  the  collaborations  between  the  University  of  Florida  Tribology 
group  and  Rensselaer’s  Nano  composites  and  Tribology’s  group. 


3.2  Special  Circumstances  Regarding  Acquisition 

Due  to  Rensselaer’s  commitment  to  nanotechnology  and  this  MURI  program,  the  Rensselaer 
Nanotechnology  Center  and  the  Office  of  Research  at  Rensselaer  will  contribute  45K  to  this 
instrument  providing  a  total  cost  share  of  64K. 

3.3  Amounts  and  Sources  of  Ongoing  or  Proposed  Support 

This  DURIP  proposal  directly  supports  the  efforts  of  an  AFOSR  sponsored  MURI  program, 
which  has  an  estimated  5  year  budget  of  2.5  million  dollars  (both  Linda  Schadler  and  Thierry 
Blanchet  are  funded  as  part  of  this  effort).  In  addition,  L.  Schadler  has  NSF  NIRT  funding  to 
develop  multiscale  mechanical  models  of  MWNT  /  polymer  nanocomposites.  This  project  has  a 
4-year  budget  of  about  $450  at  Rensselaer.  She  is  also  part  of  an  NSF  NSEC  “Directed 
Assembly  of  Nanostructures”  and  is  the  Thrust  3  leader  for  that  center.  Her  direct  funding  from 
this  center  is  on  the  order  of  S100K  per  year.  This  same  NSF  center  has  provided  access  to  a 
significant  portion  of  the  equipment  used  in  the  MURI  research.  Finally,  she  has 'about  $300K  in 
industrial  funding  that  is  focused  on  polymer  nanocomposites.  Thierry  Blanchet  is  a  member  of 
another  tribology  MURI  lead  by  Georgia  Institute  of  Technology  and  funded  by  ONR  ,  "Friction 
and  Wear  Under  Very  High  Electromagnetic  Stress.”  His  funding  through  this  grant’ is  $500K 
over  5  years. 

3.4  Estimated  Useful  Life  of  the  Equipment 

The  proposed  nanodindentation  system  possesses  a  useful  lifetime  of  at  least  10  years,  with 
routine  maintenance  of  the  mechanics  and  occasional  software  upgrades.  This  estimate  is  based 
upon  information  from  the  company  and  discussion  with  other  users.  While  the  technology  is 
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constantly  improving  in  this  field,  in  this  particular  case,  the  equipment  already  meets  the 
foreseeable  needs  for  measuring  the  local  tribological  behavior  of  hierarchically  structured 
nanocomposites.  The  early  nanoindentors  produced  by  Hysitron,  which  have  the  same  basic 
core,  have  been  in  operation  for  10  years  and  are  still  in  use. 

4.0  Conclusions 

The  proposed  instrumentation  is  uniquely  suited  to  provide  direct  insight  into  the 
incorporation  of  polymer  nanocomposites  into  DOD  systems  and  missions.  The  proposed 
instrumentation  will  also  facilitate  the  cross-disciplinary  research  of  a  team  of  scientists  and 
engineers,  uniquely  aimed  at  addressing  a  number  of  fundamental  grand  challenges  that  exist 
within  the  respective  research  community.  These  studies  will  directly  benefit  the  Air  Force  in 
developing  the  ability  to  design  materials  required  for  operation  in  extreme  environments  in 
which  the  Air  Force  has  a  demonstrated  need.  The  instrumentation  will  simultaneously  provide 
the  opportunity  for  developing  fundamental  insight  into  the  chemical  and  physical  origins  of  all 
future  tribological  systems  (ubiquitous  throughout  DOD). 
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